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ABSTRACT  
The current study builds on a previous study conducted by the authors that investigated the seismic provisions of the 
National Building Code of Canada (NBCC) 2005 and 2010, pertaining to the loading and analysis of irregular L-
shaped buildings. The study uses low-rise and high-rise L-shaped buildings as case studies. Three-dimensional finite 
element models of the two irregular L-shaped buildings were developed and discussed in the previous study. The 
lateral resisting system of the low-rise buildings consists of concrete shear walls, while the high-rise building 
consists of a combination of concrete shear walls and concrete rigid frames. Low and high-rise concrete buildings 
are modelled with the assumption of fully rigid floor diaphragms for computational efficiency. In the current the 
study, the effect of using rigid and semi-rigid diaphragms to simulate structural floors on the structure response to 
lateral loads is investigated. Significant change in the dynamic response and lateral force distribution along both 
buildings’ height due to the use of semi-rigid diaphragms is noticed. In addition, a negligible contribution due to the 
effective inertia, due to cracking of concrete shear walls on the overall dynamic response of both buildings is 
observed. The study shows that the variation of post-cracking stiffness for concrete slabs significantly affect the 
stiffness and the natural frequency of the buildings.  
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1. INTRODUCTION 
Mitchell et al. (2010) provided a comparative study of the seismic design codes in Canada from the first National 
Building Code in 1941 to the National Building Code of Canada (NBCC) 2010. The study discussed the 
vulnerability of low period structures designed with older codes. In addition, Ghorbanirenani et al. (2009) concluded 
that shear walls designed and detailed based on the requirements of the NBCC and CSA of 1975 to 1995 are lacking 
sufficient shear capacity over their height as well as flexural strength above plastic hinge area. The 2005 NBCC 
introduced a) the spectral accelerations with a probability of exceedance of 2% in 50 years which is much applicable 
to the probability of structural failure (Heidebrecht 2003), and b) the two separate force modification factors, the 
ductility force modifications Rd and the overstrength factor Ro based on Mitchell et al. (2003). Where Rd represents 
the capability of a structure to dissipate energy through inelastic behaviour, and Ro accounts for the dependable 
portion of reserve strength in a structure designed according CSA standards during this period. The Uniform Hazard 
Spectrum (UHS) approach (NEHRP 1997) was adopted by the 2005 NBCC giving site/city-specific response 
spectral accelerations for site locations all over Canada (Adam and Atkinson 2003). The 2010 NBCC introduced 
modified UHS values for different locations in Canada based on an improved fit to ground motion relations than that 
was used in the 2005 NBCC (Mitchell et al. 2010). The short-period spectral accelerations in low seismic zones 
were slightly reduced though long-period spectral accelerations increased slightly (Mitchell et al. 2010). The 2010 
NBCC introduced changes to the minimum lateral earthquake force (base shear) for shear wall, coupled walls, and 
wall-frame lateral load structural systems. As a consequence, the values of higher mode modification factor for these 
types of lateral load structural systems were modified. Gilles et al. (2011) investigated the empirical equations to 
estimate the natural lateral period of buildings provided by the 2005 and 2010 NBCC. In this study, the natural 
periods calculated with the NBCC equations were compared with periods measured from actual buildings. The study 
 STR-994-2 
concluded that the NBCC empirical equations to estimate the natural period are inaccurate. The study showed that 
the period from the NBCC empirical equation led to considerably overestimated design base shear; while the design 
base shear was underestimated when the maximum period allowed by the NBCC 2005 and 2010 was used. Gilles 
and McClure (2012) compared the natural periods measured for 27 Reinforced Concrete Shear Wall (RCSW) 
buildings in Montreal, Canada with the shear wall building’s period equation being showed in the 2010 NBCC. The 
study concluded that the equation shown in the 2010 NBCC to estimate the natural period of an RCSW building was 
not accurate. Alternatively, the authors proposed a different equation in which the natural period varies linearly with 
the building height and significantly fits the measured periods of RCSW buildings. 
 
Hamada and El Damatty (2013) investigated the behavior of L-shaped low and high-rise buildings under the seismic 
provisions of the 2005 and 2010 NBCC pertaining to the loading and analysis of irregular buildings. Three-
dimensional models for both buildings were developed and the code provisions were strictly followed with regard to 
static and dynamic analyses and loading procedures. Despite the fact that the low-rise building did not require 
dynamic analysis, a response spectrum analysis of the building showed a significant contribution of higher modes. 
In contrast, the response spectrum analysis of the high-rise building concluded that the base shear estimated using 
static code procedures is over-estimated and significantly higher than the response spectrum of the base shear. In 
addition, the study concluded that the directions of application of two perpendicular ground motions specified by the 
2005 and 2010 NBCC are not the most critical in case of L-shaped buildings. The current study extends the 
investigation of the behaviour of L-Shaped low and high-rise buildings under seismic loads and assesses commonly 
used parametric assumptions in finite element modelling. Concrete slabs are modeled as fully rigid diaphragms for 
computational efficiency. The concrete slabs are subjected to significant flexural cracking that must be considered in 
the design. It may also be non-conservative to assume rigid slabs (rigid diaphragms) in buildings with irregular 
geometries, such as L-shaped buildings or buildings with large cross-sectional openings. The effect of using rigid 
and semi-rigid diaphragms to simulate floors and slabs is investigated in the current study. Once cracking occurs in a 
concrete element, the stiffness of the element is reduced and cannot be recovered. The current study investigates the 
effect of out-of-plan concrete shear walls inertia and concrete slabs bending inertia on the structure response to 
lateral loads. 
2. STRUCTURAL SYSTEM AND ANALYSIS MODELS  
 
 
Figure 1: Structural Model of the Low-Rise Building 
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Geometrically complex low and high-rise buildings that have previously modelled by Hamada and El Damatty 
(2013) are used in the current study. The low-rise L-shaped concrete building is shown in Figure 1. The building 
consists of six stories with a total height of 20 (m). The lateral load structural system consists of concrete shear 
walls. The high-rise building is an L-shaped reinforced concrete building, with 52 stories and a total height of 160 
(m). The lateral load structural system of the building consists of shear walls located towards the core of the building 
and along the inner perimeter, and rigid frames along the exterior perimeter, as shown in Figure 2.  
 
 
 
 
Figure 2: Structural Model and Plan View of the High-Rise Building  
 
The shape of both buildings causes them to have a significantly different centers of mass and centers of rigidity, 
resulting in a building with high torsional sensitivity. Both buildings were modelled using the commercial finite 
element software ETABS. More details regarding the three-dimensional finite element models of both buildings are 
provided by Hamada and El Damatty (2013). The location of the two buildings were assumed to be located within a 
moderate seismic area in Ontario, Canada, and the seismic loads were calculated in accordance with the provisions 
of the 2005 and 2010 NBCC as shown in detail by Hamada and El Damatty (2013). 
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3. EFFECT OF USING RIGID AND SEMI-RIGID DIAPHRAGMS ON STRUCTURAL RESPONSE 
UNDER SEISMIC LOADS   
The concept of simulating a building’s floor slabs as a rigid diaphragm to transfer lateral loads to lateral resisting 
systems such as shear walls and frames is widely used. These lateral loads are usually wind and earthquake loads; 
the presented analysis is focusing on earthquake loads. PSPECX and PSPECY are the response spectrum analyses in 
X and Y directions using the 2005 NBCC design spectral acceleration, respectively. PSPECX10 and PSEPECY10 
are the response spectrum analyses in X and Y directions using the 2010 NBCC design spectral acceleration, 
respectively. More details regarding the static and dynamic seismic loads on both low and high-rise buildings are 
provided by Hamada and El Damatty (2013). The rigid diaphragm concept assumes fully in-plane rigid diaphragm 
that connects all points in the floor plans and transfers loads to the lateral resisting systems. On the other hand, the 
semi-rigid diaphragm calculates the in-plane rigidity of the diaphragm based on the actual stiffness of the objects 
(flooring systems) that are forming the diaphragm. Thus, the distribution of lateral forces to the lateral resisting 
elements is affected. The analyses are repeated using a semi-rigid diaphragm for all floors. Table 1 and 2 show the 
variations in the building’s base shear due to the use of the two types of diaphragms. Table 3 and Table 4 show the 
modal analysis results.  
Table 1: Low-Rise Building Base Shear Forces - Rigid or Semi-Rigid Diaphragms 
VX VY V VX VY V
(kN) (kN) (kN) (kN) (kN) (kN)
PSPECX 13217 9779 16441 15587 3234 15919
PSPECY 9779 12768 16082 3234 13834 14207
PSPECX10 11248 8347 14007 13360 2733 13637
PSPECY10 8347 10862 13698 2732 11843 12154
Load
Case 
Rigid Diaphragm Semi-Rigid Diaphragm 
Base Shear 
 
Table 2: High-Rise Building Base Shear Forces – Rigid or Semi-Rigid Diaphragms 
Story VX VY V VX VY V
(kN) (kN) (kN) (kN) (kN) (kN)
1 PSPECX 28007 15356 31941 26632 13488 29852
1 PSPECY 15448 26538 30707 13582 24654 28148
1 PSPECX10 24935 14152 28671 23730 12561 26849
1 PSPECY10 14227 23524 27492 12640 21931 25313
Load
Case
Rigid Diaphragm Semi Rigid Diaphragm 
Base Shear 
 
 
Table 3: Low-Rise Building Modal Participating Mass Ratio – Rigid and Semi-Rigid Diaphragms  
Period UX UY RZ Period UX UY RZ
(sec) (Mass %) (Mass %) (Mass %) (sec) (Mass %) (Mass %) (Mass %)
1 0.61 4.33 12.42 46.31 0.62 4.19 13.26 46.38
2 0.33 42.18 11.24 12.58 0.34 61.00 0.00 4.69
3 0.32 20.06 43.02 4.00 0.33 0.84 52.58 12.61
Mode
Semi-Rigid Diaphragm Rigid Diaphragm 
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Table 4: High-Rise Building Modal Participating Mass Ratio – Rigid and Semi-Rigid Diaphragms 
Period UX UY RZ Period UX UY RZ
(sec) (Mass %) (Mass %) (Mass %) (sec) (Mass %) (Mass %) (Mass %)
1 6.27 21.72 9.25 16.96 6.37 22.17 9.82 16.61
2 5.28 2.46 30.89 24.32 5.36 2.22 30.82 24.92
3 3.76 29.13 18.55 7.59 3.83 29.35 18.58 7.85
4 1.81 1.47 0.26 8.68 1.84 1.61 0.22 8.72
5 1.32 8.80 7.49 0.30 1.36 8.74 7.63 0.31
Rigid Diaphragm 
Mode
Semi Rigid Diaphragm 
 
 
The following observations can be drawn from the results: 
  
- Smaller base shear forces are noticed due to the use of the semi-rigid diaphragms as shown in Table 1 and 
Table 2. These results match the increase in the mode shapes period shown in Table 3 and Table 4. For the 
low-rise building, the base shear V in the case of a rigid diaphragm is 13% higher than in the case of semi-
rigid diaphragms. As for the high-rise building, the difference is 9%.  
- However the total base shear V is slightly affected, the variation in the X and Y components, Vx and Vy is 
significant between the rigid and the semi-rigid diaphragm cases for the low-rise building, as shown in Table 
1. This leads to a totally different seismic force distribution along the height, and to different members’ 
internal forces. As an example, the distribution of shear for case PSPECX along the height in the X and Y 
directions with both rigid and semi-rigid diaphragm are shown in Figure 3. Such a significant difference is 
not noticed in the case of the high-rise building results.  
- The mass distribution in the X and Y directions for each mode shape differs in the case of using a rigid 
diaphragm from the case of using a semi-rigid diaphragm as shown in Table 3 and Table 4. 
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Figure 3: Shear Distribution along the Low-Rise Building Height – Rigid and Semi-rigid Diaphragm cases (PSPEC 
Case)  
4. EFFECT OF OUT-OF-PLAN SHEAR WALLS EFFECTIVE INERTIA  
The two building used in the current study have shear walls as their lateral resisting system. Shear walls resist shear 
forces mainly in the strong axis inertia. Due to their relatively small thickness, the shear walls’ out-of-plane effect is 
neglected. The cracking of concrete shear walls affects their effective inertia as a ratio of gross inertia in the in-plane 
and out-of-plan directions. In order to assess the effect of the effective out-of-plan inertia, due to the cracking, on the 
overall behaviour of concrete shear wall buildings, the study is repeated using a different percentage of the shear 
wall gross inertia.  
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For the low-rise building, the percentage of 10, 25, 50, 75, and 100% of the out-of-plan shear walls inertial are used 
to assess the effect on the overall natural period and base shear of the building. Table 5 shows the variation in the 
building’s natural period and its base shear due to the change of the effective out-of-plan inertia. Table 5 shows the 
first structural period of the first three mode shapes, and the base shear due to the NBCC 2005 response spectrum 
analysis in the X (PSPECX) and Y (PSPECY) directions. As shown in the results presented in Table 5, no 
significant change in the building’s natural period and base shear is noticed due to the change of the effective out-of-
plan inertia as the low-rise building is very rigid and has a small natural period in the X and Y directions.  
Table 5:  Effect of Out-of-Plan Shear Wall Inertia on the low-Rise Building Response  
First Mode Second Mode Third Mode PSPEC X PSPEC Y 
% (s) (s) (s) (kN) (kN)
10 0.61 0.33 0.32 16441 16082
25 0.60 0.33 0.32 16513 16154
50 0.60 0.33 0.32 16521 16161
75 0.59 0.33 0.32 16566 16216
100 0.59 0.33 0.32 16578 16229
Structural Period (T) Base Shear Effective Shear walls
out-of-plan Inertia 
 
 
 
The same analyses are repeated for the high-rise building. The results are presented in Table 6. As shown in the 
table, there is a 6 % change in the building’s natural period due to the change in the effective out-of-plan inertia of 
the shear wall with negligible change in the base shear values. The building’s fundamental period is higher than four 
second; thus, no significant change is expected in the base shear of the structure due to the change in the 
fundamental period. 
Table 6: Effect of Out-of-Plan Shear Wall Inertia on the High-Rise Building Response   
First Mode Second Mode PSPEC X PSPEC Y 
% (s) (s) (kN) (kN)
10 6.51 5.40 31676 30299
25 6.40 5.35 31797 30594
50 6.30 5.30 31913 30685
60 6.27 5.28 31940 30706
75 6.22 5.26 31979 30734
100 6.16 5.22 32036 30772
Effective Shear walls
out-of-plan Inertia 
Base Shear Structural Period (T) 
 
 
5. EFFECT OF POST-CRACKING STIFFNESS OF CONCRETE SLABS  
The range of variation in concrete slab cracking was chosen based on practical values that would be reasonably 
assumed by a designer. The investigation of concrete slab cracking on the building behaviour is only conducted for 
the high-rise building. Cracking was simulated in the numerical model by specifying “modifiers” that alter the 
inertial properties of the section to a certain percentage of the gross inertia. As a lower bound, the cracked inertia of 
the slab is taken as 0.05 of the gross inertia, 0.25 as a default case, and 1.0 as upper bound case.  
 
 
The natural frequency and mass participation factor varied significantly with the cracking levels of the concrete slab. 
The natural frequency is found to increase as the cracking levels decrease as the reduced cracking corresponds to 
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increased stiffness. Between the slab stiffness modifiers of 0.4 and 1.0, the variation in the natural frequency 
becomes linear with a 20% decrease in the building’s natural frequency. Between the slab stiffness modifiers of 0.05 
and 0.4, the variation in natural frequency becomes nonlinear with a 36.5% increase in the building natural 
frequency.  
6. CONCLUSIONS  
The current study builds on a previous study conducted by Hamada and El Damatty (2013) that investigated the 
seismic provisions of the 2005 and 2010 NBCC, pertaining to the loading and analysis of irregular L-shaped 
buildings. Three-dimensional finite element models for a low and high-rise buildings are developed and are used to 
assess the commonly used assumptions in finite element modelling of buildings. The effect of using rigid and semi-
rigid diaphragms to simulate floors and slabs is investigated. Once cracking occurs in a concrete element, the 
stiffness of the element is reduced and cannot be recovered. The current study assesses the effect of post-cracking 
stiffness of shear walls and concrete slabs on the buildings’ response under seismic loads.  
 
The following observations can be stated from the analyses conducted in the current study:  
 
- The base shear forces for the case of rigid diaphragms, simulating a floor’s slabs, are 13% and 9% higher 
than in the case of using semi-rigid diaphragms for the low and high-rise buildings, respectively. In 
addition, a significantly different seismic force distribution along the buildings’ height is noticed due to 
the use of semi-rigid diaphragms.  
- Post-cracking stiffness of concrete elements such as out-of-plan shear walls inertia and effective concrete 
slab inertia are investigated in the current study. The effective out-of-plan shear wall inertia, due to 
concrete cracking and small thickness, has a negligible effect on both buildings’ dynamic response. The 
variation in the concrete slab’s effective stiffness significantly affects the natural frequency of the high-
rise building. The default cracked inertia of the slab, according to CSA A23.3-04 is taken as 0.25 of the 
gross inertia. The current study shows a decrease in the natural frequency to be 20% less than the 
default case’s natural frequency in the case of using gross inertia of the slabs. In the case of an almost 
fully-cracked slab, an increase of 36.5% in the high-rise building’s natural frequency is concluded. In 
addition, the variation in the natural frequency between slab stiffness modifiers of 0.4 and 1.0 is linear, 
and is nonlinear between stiffness modifiers of 0.05 to 0.4.  
 
These results cannot be extrapolated without further investigation of other buildings with different natural 
frequencies and different geometries. 
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